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Description 



SHIELDING APPARATUS FOR MAGNETIC 
RESONANCE IMAGING 

Background of the Invention 

[0001] The present disclosure relates generally to a shielding ap- 
paratus for magnetic resonance imaging (MRI), and partic- 
ularly to a radio frequency (RF) shielding apparatus that 
maintains a desirable RF shielding performance of the RF 
fields. 

[0002] | n an MRI magnet, an RF shield is used to de-couple the 
RF coil from the gradient coil and other conducting struc- 
tures. A desirable RF shield prevents the RF field gener- 
ated by the RF coil, often at 10 Mega-Hertz (MHz) or 
higher, from penetrating into the gradient coil, while 
maintaining a desired quality factor (Q-factor) for the RF 
coil, and while remaining transparent to the field gener- 
ated by the gradient coil, usually less than 100 kHz 
(kilo-Hertz). Available RF shields may include continuous 
conducting sheets or circuit board arrangements. 



[0003] An RF shield made from a continuous conducting sheet 
may result in better shielding and a higher Q-factor with 
the use of thicker sheet material, but suffers from an in- 
crease in eddy currents induced by the gradient coil, 
thereby increasing the resistive loss and heating in the 
gradient coil. Reducing the sheet thickness makes the RF 
shield more transparent to the gradient field, by minimiz- 
ing the induced eddy currents at these low frequencies, 
but at the expense of RF coil performance. An RF shield 
made from multiple segmented layers of a circuit board 
assembly may provide effective RF shielding by providing 
desired conduction paths for RF eddy currents. As a result 
of the segmentation and dielectric AC (alternating current) 
coupling between layers, the low frequency eddy currents 
may be minimized. However, these types of shield designs 
often suffer from high cost and susceptibility to damage. 

[0004] Accordingly, there is a need in the art for a shielding ap- 
paratus for MRI that overcomes these drawbacks. 
Brief Description of the Invention 

[0005] Embodiments of the invention provide an apparatus for 
MRI having an RF birdcage coil and an RF shield. The RF 
birdcage coil includes a coil axis, an end ring portion dis- 
posed about the axis, and a plurality of legs disposed 



parallel to the axis and in signal communication with the 
end ring portion. The RF shield is disposed about the coil 
and is in signal communication therewith. The shield in- 
cludes a cylindrical conductive sheet having first and sec- 
ond ends, and a plurality of sets of discontinuous slots 
disposed about the cylindrical sheet and running between 
the first and second ends, wherein a region of discontinu- 
ity within a set of the slots is aligned with the end ring 
portion. 

[0006] Further embodiments of the invention provide an appara- 
tus for MRI having a gradient field generating means, an 
RF field generating means, and a means for RF shielding 
the gradient field generating means. The RF field generat- 
ing means has a Q-factor equal to or greater than about 
50% of the Q-factor if the RF shielding means were made 
of a solid copper sheet having a thickness of equal to or 
greater than about three times the skin depth at the Lar- 
mor frequency of protons. 

[0007] yet further embodiments of the invention provide an ap- 
paratus for MRI having an RF birdcage coil and an RF 
shield, where the coil has a coil axis, an end ring portion 
disposed about the axis, and a plurality of legs disposed 
parallel to the axis and in signal communication with the 



end ring portion, and the shield is disposed about and is 
in signal communication with the coil. The shield includes 
a cylindrical copper alloy mesh sheet having first and sec- 
ond ends, and a plurality of sets of discontinuous slots 
disposed about the cylindrical sheet and running between 
the first and second ends, wherein a region of discontinu- 
ity within a set of the slots is aligned with the end ring 
portion. The shield also includes an integrally formed ca- 
pacitor running lengthwise between the first and second 
ends, the capacitor being disposed only partially around 
the circumference of the cylindrical sheet. 
Brief Description of the Drawings 

[0008] Referring to the exemplary drawings wherein like ele- 
ments are numbered alike in the accompanying Figures: 

[0009] Figure 1 depicts a partial isometric view of an exemplary 
MRI system for use in accordance with embodiments of 
the invention; 

[0010] Figure 2 depicts an exploded isometric assembly view of a 
portion of the system of Figure 1; 

[° 01 1 ] Figure 3 depicts an isometric flat blank layout of an ex- 
emplary RF shield in accordance with embodiments of the 
invention; 

[0012] Figures 4 and 5 depict exemplary RF coils for use in ac- 



cordance with embodiments of the invention; 

[0013] Figure 6 depicts an alternative embodiment of the RF 
shield depicted in Figures 2 and 3; and 

[0014] Figure 7 depicts a set of characteristic curves illustrating 
an electrical characteristic in accordance with embodi- 
ments of the invention. 
Detailed Description of the Invention 

[0015] Embodiments of the invention disclose an RF shield for 

MRI that provides an RF coil Q-factor (quality factor equal 
to one over loss) of equal to or greater than that of an RF 
shield made of a multiple layer segmented circuit board 
assembly. The RF shield conducts eddy currents induced 
by the RF coil while blocking eddy currents induced by an 
MRI gradient coil. As used herein, the term Q-factor refers 
to a dimensionless measurable quality factor of coil reac- 
tance divided by coil resistance. Alternatively, the Q-factor 
may also refer to the ratio of center frequency to band- 
width of an operational RF birdcage coil. 

[0016] Figure 1 depicts an exemplary embodiment of an MRI sys- 
tem 100 having a field-generating device 102 and a con- 
trol system 120 for the control and operation thereof. 
Field generating device 102, shown having a portion cut- 
away to show further detail, includes an X, Y, Z gradient 



coil 105 for generating a magnetic field gradient, an RF 
birdcage coil (RF coil) 110 disposed within gradient coil 
105 for generating a pulsed RF magnetic B i field, and an 
RF shield 115 disposed between RF coil 110 and gradient 
coil 105 for providing RF shielding to gradient coil 105. A 
person 125 or other imaging object is placed within field 
generating device 102 and subjected to MRI diagnostics 
under the control of control system 120. In an embodi- 
ment, control system 120 includes x, y and z-axis gradi- 
ent magnetic field power supplies 121 for powering field 
generating device 102, transmit and receive circuitry 122 
for controlling the RF pulses to RF coil 110, and a com- 
puter system 123 for controlling power supplies 121 and 
circuitry 122, and for processing and displaying the NMR 
(nuclear magnetic resonance) signals. 
[0017] Referring now to Figure 2, which depicts an exploded iso- 
metric assembly view expanded along axis 130, RF coil 
110 has a coil axis 130, an end ring portion 135 disposed 
about axis 130, a plurality of legs 140 disposed parallel to 
axis 130, and a pair of terminals 145 (best seen by refer- 
ring to Figures 4 and 5) for exciting RF coil 110. RF shield 
115 is cylindrically disposed about RF coil 110 in the form 
of a cylindrical conductive sheet having first and second 



ends 150, 155. In an assembled state, RF coil 110 fits 
within RF shield 115, which in turn fits within gradient coil 
105. The conductive sheet of RF shield 115 may be a solid 
sheet or a mesh sheet, and may be fabricated from cop- 
per, a copper alloy such as phosphor bronze, stainless 
steel, or any other lowly conductive material suitable for 
eddy current management. As used herein, the term lowly 
conductive refers to materials that are about 2-20% as 
conductive as pure copper. In an embodiment that uses a 
mesh sheet, RF shield 115 may be embedded in an epoxy 
within gradient coil 105. Exemplary mesh densities may 
be equal to or greater than 100 by 100 lines per inch, and 
equal to or less than 400 by 400 lines per inch, with a 
particular embodiment having a density of 270 by 270 
lines per inch with a wire diameter of about 0.0014 - 
0.0016 inches. Within the conductive sheet is formed a 
plurality of sets of discontinuous slots 160 disposed 
about the cylindrical sheet and running between the first 
and second ends 150, 155. A region 165 of discontinuity 
within a set of the slots 160 is arranged so as to align 
with the end ring portion 135 when RF coil 110 is assem- 
bled within RF shield 115. 
[0018] | n an embodiment, region of discontinuity 165 has an ax- 



ial length L equal to or greater than the width W of end 
ring portion 135. Axial length L is best seen by referring 
to Figure 3, which depicts the cylindrical conductive sheet 
of RF shield 115 in an unrolled flat blank arrangement. In 
an alternative embodiment, region of discontinuity 165 
has an axial length L equal to or greater than about 1.1 
times the width W and equal to or less than about 20 
times the width W. In another alternative embodiment, re- 
gion of discontinuity 165 has an axial length L equal to or 
greater than about two times the width W. Although the 
number of sets of discontinuous slots 160 may be of any 
value, an embodiment utilizes a value that is equal to or 
greater than the number of legs 140 of RF coil 110. 

[0019] | n an embodiment, adjacent sets of slots 160 are disposed 
between adjacent legs 140, the plurality of sets of slots 
160 are equally spaced, and slots 160 have a slot width 
equal to or greater than about 2 millimeters (mm) and 
equal to or less than about 3 mm. 

[0020] in an exemplary RF shield 115, and with reference to Fig- 
ures 2 and 3, suitable dimensions may include the follow- 
ing: 



H = 91-122 cm (centimeters) 



L = 11-21 cm 
h = 30-50 cm 
A = 63-65 cm 
D = 205-207 cm. 

[0021] | n an embodiment of the invention, the Q-factor of RF coil 
110 with RF shield 115 is about 260. In alternative em- 
bodiments of the invention, the Q-factor is equal to or 
greater than about 50% of the Q-factor when measured 
using a solid copper sheet for RF shield 115 where the 
sheet has a thickness of at least three times the skin 
depth at the Larmor frequency (F l ) of protons, which is 
about 63.874 MHz (Mega-Hertz). The skin depth is the 
depth in the direction toward the center of a conductor at 
which the amplitude of electromagnetic waves decays to 
1/e, where e=2.718.., the base of the natural logarithm. 



Here, the skin depth d is given by: 

d= 1/(tt Fm af 5 , Equation- 1 

where: 

7i is a constant equal to the ratio of the circumference of RF shield 1 15 to 
its diameter, 

|j. is the magnetic permeability of the conductive material of RF shield 
115, and 

a is the electrical conductivity of the conductive material of RF shield 

115. 

[0022] Thus, with an RF shield 115 made from solid copper sheet 

having a thickness equal to or greater than about 3d with 

a resultant Q-factor of Q at F , an embodiment of the in- 

o l' 

vention results in a coil Q-factor of equal to or greater 
than about 0.5*Q at F . 

0 L 

[0023] while RF shield 115 is depicted in Figures 2 and 3 having 
a particular arrangement of discontinuous slots 160, it 
will be appreciated that other arrangements of discontin- 
uous slots 160 may be employed, such that in an assem- 
bled state, as depicted in Figure 1, the region of disconti- 
nuity 165 of RF shield 115 is aligned with a corresponding 
end ring portion 135 of RF coil 110. 

[0024] Figures 4 and 5 depict alternative arrangements for RF coil 
110. However, it will be appreciated that arrangements for 



RF coil 110 other than those depicted in Figures 4 and 5 
may be employed in accordance with embodiments of the 
invention. 

[0025] | n an alternative embodiment, referring now to Figure 6, 
RF shield 115 is formed into a cylinder having overlapping 
edges 170, 175 with a dielectric material 180 of thickness 
t, width B and length H, disposed in the overlap region 
185. The resulting overlap region 185 forms a capacitor 
190 having a capacitance C defined by: 

C = e * A / 1, Equation-2 

where e is the dielectric constant of dielectric material 
180, A is the area of dielectric material 180 (A=B*H), and t 
is the thickness of dielectric material 180. In an embodi- 
ment, the capacitance C is sized high such that capacitor 
190 has a low impedance X at the Larmor frequency, 
where X is defined by: 

X = 1 / (tn * C), Equation-3 

and where uj is the radian frequency (2* TT*f) (f is the Lar- 
mor frequency in Hertz), and X is reactance. As can be 
seen from Equations 2 and 3, a low impedance X results 



from a high capacitance C, which is achieved by providing 
a large area A and small thickness t for dielectric material 
180. In an embodiment, dielectric material 180 is a mate- 
rial having low loss properties, such as polyimide film for 
example. By providing a capacitor 190 having low 
impedance and low dielectric loss, the coil Q-factor of RF 
coil 110 with RF shield 115 will be less affected. 
[0026] | n an exemplary embodiment having a dielectric overlap 
region 185, the resistance of the Z gradient coil 105 is re- 
duced by about three times (3X) at 10 kHz (kilo-Hertz) 
compared to that of the same Z gradient coil 105 with an 
RF shield 115 having a soldered connection between 
edges 170, 175. Figure 7 illustrates a set of characteristic 
curves, on log-log scale, for the resistance of the Z gradi- 
ent coil 105 versus frequency for two RF shields 115, 
identified as Ph-Bronze Mesh 1 and Ph-Bronze Mesh 3. 
Here, the characteristic curve for Mesh 1 is representative 
of a soldered arrangement and the characteristic curve for 
Mesh 3 is representative of a dielectric arrangement, as 
discussed previously, for a phosphor-bronze mesh mate- 
rial. As can be seen at a frequency of 10 kHz, Mesh 1 
(soldered arrangement) has a resistance of about 9 Ohms, 
and Mesh 3 (dielectric arrangement) has a resistance of 



about 3 Ohms, which equates to about a 3X reduction in 
resistance using a dielectric arrangement. As a result, less 
eddy current is induced in RF shield 115, thereby reducing 
heating in the system. 

[0027] while some embodiments of the invention include a ca- 

pacitive connection at edges 170, 175 of shield 115, it will 
be appreciated that an electrical connection may be 
formed in the place of capacitor 190. However, shield 115 
having an integrally formed capacitor 190 is preferred 
since it couples less to the Z gradient coil 105 than does 
an arrangement having an electrical connection and no in- 
tegrally formed capacitor. 

[0028] As disclosed, some embodiments of the invention may in- 
clude some of the following advantages: an RF coil having 
a high Q-factor and low losses; an RF shield having ease 
of manufacturing; a mesh-type RF shield capable of being 
embedded in an epoxy in the gradient coil; a lower gradi- 
ent resistance at 1kHz (kilo-Hertz) and 10kHz on both X 
and Y axes as compared to typical MRI field generating 
devices; an RF shield capable of being fabricated from a 
single sheet of a solid or mesh conductor; the ability to 
easily adjust RF and gradient performance by varying ma- 
terial selection, mesh configuration, material thickness, 



and the number and lengths of the slots; a slotted mesh 
RF coil having reduced gradient coupling paths with low 
conductivity; and, an RF shield that minimizes the low fre- 
quency eddy currents from the switching gradient mag- 
netic fields. 

[0029] while the invention has been described with reference to 
exemplary embodiments, it will be understood by those 
skilled in the art that various changes may be made and 
equivalents may be substituted for elements thereof with- 
out departing from the scope of the invention. In addition, 
many modifications may be made to adapt a particular 
situation or material to the teachings of the invention 
without departing from the essential scope thereof. 
Therefore, it is intended that the invention not be limited 
to the particular embodiment disclosed as the best or only 
mode contemplated for carrying out this invention, but 
that the invention will include all embodiments falling 
within the scope of the appended claims. Moreover, the 
use of the terms first, second, etc. do not denote any or- 
der or importance, but rather the terms first, second, etc. 
are used to distinguish one element from another. Fur- 
thermore, the use of the terms a, an, etc. do not denote a 
limitation of quantity, but rather denote the presence of at 



least one of the referenced item. 



